Differential scattering cross sections are measured for He+CH 4 , NH 3 , H 2 0, and SF 6 , using the crossed molecular beams technique. These data, which are sensitive to the van der Waals attractive minima and adjacent regions of the intermolecular potential, are interpreted in terms of central-field models. No evidence is found for quenching of the observed diffraction oscillations. The interactions of the isoelectronic hydrides CH 4 , NH 3 , H 2 0 with He are found to have decreasing van der Waals radii in this sequence, and their attractive wells all have similar depths. However, the He+ SF 6 attractive well is found to be anomalously deep, and provides a counter example to the supposition that only the polarizability of the least polarizable of the interacting partners (atoms or molecules) correlates with the van der Waals well depth. Simple combination rules for predicting unlike-pair potential parameters from the corresponding like-pair ones are tested and found inadequate.
I. INTRODUCTION
In recent years, a considerable amount of work has been done, both experimentally 1 and theoretically, 2 to improve our knowledge of interatomic potentials for van der Waals interactions. 3 Molecular beam elastic scattering experiments yield information about these weakly attractive potentials at a level of detail inaccessible to many other techniques, especially for highly quantum systems. 5 Potentials for such systems are now well characterized, enabling experimental data of many different kinds to be correlated and accurately described. 4 • 6 • 7 However, relatively little is known about atom-molecule or molecule-molecule van der Waals potentials, especially with regard to their orientation dependence. a-u
In the present paper we analyze experimental measurements of the differential cross sections tDCS) for the highly quantum systems He+ CH 4 , NH 3 , H 2 0, and SF 6 , using room-temperature crossed beams. The first three molecules represent an isoelectronic series, progressing from nonpolar CH 4 to the highly polar NH 3 and H 2 0. The He+ SF 6 system is an example of the interaction between an atom and a highly symmetric large molecule. In this sense, the He+ CH 4 , NH 3 , and H 2 0 interactions span an interesting transition from a highly symmetric molecule to ones having rather asymmetric nuclear arrangements.
In Sec. II we briefly describe the apparatus used to measure DCS's, and the data reduction procedures used to analyze them. The DCS measurements, and the intermolecular potentials extracted from them, are presented in Sec. Ill. The importance of anisotropic contributions tor lack thereof) to the measured potentials is discussed in Sec. IV, where we also compare our results with those of different experiments. Systematic trends in the potentials for the systems of this study are discussed. Finally, we summarize our findings in Sec. V.
II. EXPERIMENTAL AND DATA REDUCTION
The crossed molecular beam apparatus used in this investigation has been described previously, 4 • 8 c,lz and only its major components are discussed here. The modulated He primary beam comes from a room-temperature nozzle source, and is angularly well collimated in two stages of differential pumping. Secondary beams of the various gases studied emerge from a glass capillary array, directly into the scattering chamber, and are intense but only slightly supersonic. This beam source may be tilted upwards, thus uncrossing the beams and allowing measurements of the modulated primary beam scattered by background gas. Beam operating characteristics are summarized in Table I . We note that the secondary beam velocity distributions are best described by a Mach number of 1. 5 and an "effective" specific heat ratio of 1. 64, 13 indicating only very slight cooling of internal states; thus the rotational temperature is presumably close to the ambient one {298 K).
A doubly-differentially pumped quadrupole mass spectrometer, scanning out-of-plane angles (with the in-plane scattering angle set to zero), is used to detect scattered He atoms. Angular spacings between the observed diffraction oscillations are slightly greater for this selection of scattering geometry than for the in-plane scanning geometry that the apparatus also permits. The out-ofplane geometry also allows a more straightforward verification of the symmetry for scattering on both sides of the primary beam, since coordinate frame transformations are not required for this purpose. This symmetry is exploited, as in previous work, to yield scattering angle measurements accurate to within-0. 03°. 4 A 14-stage Cu-Be dynode multiplier is used for ion detection in the analogue mode. Its output is processed by several stages of preamplification, followed by phase-sensi- tive lock-in amplification, with the reference of the lock-in synchronized with the primary beam chopper. The output of the lock-in amplifier is digitized for sampling and averaging by a laboratory minicomputer, which also performs background signal subtraction by uncrossing the beams and remeasuring the modulated signal.
With liquid-helium cryopumping in the ionizer region of the mass spectrometer, background pressures of< 5 x 10-10 torr were realized for these experiments. For the He+ CH 4 , NH 3 , and H 2 0 experiments, total integration times at each scattering angle, representing data accumulated over several days' experimentation, ranged from -2 min near go, to -20 min at the widest angles. Corresponding signal-to-noise ratios were about 40 and 6, respectively. Because of its larger scattering cross section, the same signal-to-noise ratios could be attained for the He+ SF 6 experiment with only -j of the total integration times used for the hydride scattering partners.
Maintaining the scattering chamber pressure below -g X 10-6 torr, and keeping the primary beam attenuation due to scattering by the secondary beam at< 5%, ensures that the single-collision conditions essential for DCS measurements prevail. Rapid cryopumping of NH 3 and H 2 0 on liquid-nitrogen cooled surfaces in the scattering chamber allowed the use of somewhat higher secondary beam pressures for these gases, which however, increased these beams' angular divergences somewhat (see Table I ). Periodic mass spectrometric checks of the secondary beams revealed their high purity for all the scattering experiments. In particular, a careful check was made for dimers of the particularly condensable NH 3 and H 2 0 beams. No dimerization was detected down to the estimated sensitivity limit of -10-'~ relative to the monomer, despite the integrity of (for example) H 2 0 ionic polymers as produced by electron-impact ionization.
14 Scattered primary beam signals were measured between-2. 8° and -18° (for CH 4 , NH 3 , and H 2 0) or 15. go (for SF 6 ) above the plane of the beams, at a most probable relative collision energy of -6g meV (for CH 4 , NH 3 , and H 2 0) or 64.1 meV (for SF 6 ). The corresponding de Broglie wavelengths are -0. 64 A for the first three systems and 0. 58 A for the latter one. Measurements were also made for out-of-plane scattering below the plane of the beams, in order to locate accurately the zero position of the scattering scale (see above). Long-term drifts in beam intensities and detection efficiency were compensated for by periodic measurements of the scattering signal at a reference angle near 5°. The experimentally measured DCS's are shown in Fig. 1 for He +CH 4 , He+NH:~> and He+H 2 0, and in Fig. 2 for He +SF e. 15 The data reduction procedure used to obtain the fits shown in Figs. 1 and 2 has been described previously. 4 It consists of a standard weighted nonlinear least-squares optimization 16 of the parameters of mathematical functions chosen to represent the intermolecular potential, as discussed in Sec. Ill. As in previous work, appropriate velocity and angle averaging is included in the
FlG. 1. Laboratory differential cross sections 1(6) 15 for outof-plane scattering of He by CH 4 , NH 3 , and H 2 0. These curves are successively shifted downwards by one decade for clarity of display. Points with error bars are the experimental measurements of 1(6) sin6 vs the scattering angle 6 at a relative collision energy of 63 meV. Solid curves are DCS's calculated from the best-fit central-field SPFD potentials, whose parameters are given in Table ll .
Slankas, Keil, and Kuppermann: Scattering of thermal He beams. IV DCS calculations. The overall apparatus relative velocity resolution is -15% FWHM for He+ CH 4 , NH3o H 2 0, and -11% FWHM for He+ SF 6 ; the overall apparatus angular resolution is 1. 9° FWHM. 4
The least-squares parameter optimization minimizes the functional n l = Lg;(/1-aal) 2 .
(1)
1=1
As in our earlier studies, we define a goodness-of-fit statistical index more suitable than x 2 for describing the quality of the fits to the DCS by
In these equations ! 1 and a 1 are the measured (arbitrari- ' 15 ly normalized) and calculated (absolute) cross sections at each of n scattering angles, respectively, with the normalized weights g 1 . For n data points and k parameters, t 0 . 05 (n-k) is the appropriate Student t-distribution statistic for a 95% confidence level of the scaling factor a. 17 We point out that the ~ao.g 5 / a statistical index is independent of the arbitrary normalization used in the experiment. Furthermore, it is statistically adjusted for the number of data points and fitted parameters, which should allow a more straightforward comparison between different potential forms, and between scattering results from different laboratories.
Ill. DATA ANAL VSIS AND INTERMOLECULAR POTENTIALS
The experimental DCS's measured as described in Sec. n and displayed in Figs. 1 and 2 were fitted by a least-squares procedure, using the intermolecular potential forms described below. These are written in the reduced form,
where rm is the radius of the attractive minimum and E:
is its depth. 
The cubic spline coefficients s 1 (i = 1-4) are fixed by smoothness conditions at the spline points p 1 andp 2 , with the first one being chosen as the inflection point of the Morse function, p 1 = 1 + /T 1 ln2.
It has recently been shown that, for room-temperature DCS measurements of the type being considered in the present study, up to five independent potential parameters may be determined. 2° For these parameters to be statistically independent of each other, and hence physically meaningful, the mathematical form of the potential in which they are used must be appropriately flexible. For the experiments considered herein, the shape of the attractive minimum region, to which the DCS data are highly sensitive, must be adjustable independently of the adjacent regions. In particular, for systems with a collision energy relative toE: of -30 (however, see also Sec. IV), the DCS data are somewhat sensitive to the weakly repulsive wall (up to V<=><B meV), requiring a parametric form that decouples this region from the attractive well. 2° Consequently, we also analyze the data using a modification of the MSV potential, having a second Morse function joined smoothly to the first at r=a. 
The two highest-order SPFD coefficients b 2 and b 3 are fixed by smoothness conditions 24 at the value of p 1 = 1. 6. 4, 20 Although some of the dispersion coefficients have been calculated for the interactions of the three lighter molecular partners with He, 25 • 26 we felt it best to fit this region of the potential empirically, for reasons discussed below. By fixing c 8 = c 10 =0 in Eqs. (4) and (5), we obtain "effective" dispersion constants C~ for each interaction pair. We expect these C~ (= £r,.c 6 ) to be somewhat greater than the corresponding correct C 6 constants, because of our neglect of higher-order contributions. This neglect may have a substantial effect on the long-range part of the potential, especially for interactions of He with the highly polar molecules NH 3 and H 2 0. These should have large r-7 contributions to the dispersion energy, which have been estimated as -30% of the r-6 component (at p = 1. 6), even for the nonpolar He+ CH 4 interaction. 26 However, the sensitivity of the present DCS data to the intermolecular potential is restricted to reduced distances p < 1. 7, since very low-angle scattering data are lacking. 20 Because we use the dispersion expansion only for p> 1. 6, the C6 r-6 representation should provide a reasonable approximation to that part of the long-range potential which affects our DCS scattering measurements. For these reasons, the C 6 parameter is permitted to vary in these fits instead of being fixed at its theoretical value. 
A prerequisite for Eq. (3), together with the reduced potential forms of Eqs. (4) and (5), to provide an accurate description of the intermolecular interactions of the systems considered in the present paper, is that anisotropic contributions to the potential must be small over the intermolecular distance range to which the DCS data are sensitive. Although this central-field assumption may not be made a priori for the analysis of atommolecule scattering experiments, 10 we nevertheless base our extraction of intermolecular potentials on it. This procedure is justified in the following discussion (Sec. IV).
IV. DISCUSSION
The van der Waals interactions for the atom-molecule systems considered here are anisotropic. As such, the central-field potentials generically represented by Eq. (3) provide at best an approximate description of these interactions. Consequently, the first problem to be addressed is the validity of the central-field assumption.
Even if this assumption were invalid within the range of intermolecular distances sampled, Eq. (3) could still be expected to provide an "effective" description of processes which occur on a time scale much slower than molecular rotations. Any such process would sample only the spherical average of the anisotropic potentials for sufficiently weak interactions. Such processes do not, howeve1·, include the present scattering experiments. Typical rotation frequencies of the molecules in the secondary beams used in the present studies are -10 12 Hz for the hydrides and~ 5x 10 10 Hz for SF 6 . Under the present experimental conditions, the collision interaction time \to traverse -8 A) is -5X 10-13 s, corresponding to only about half a revolution during the collision for the hydride molecules, whereas the SF 6 molecule remains essentially motionless. The inversion frequency of NH 3 is -50 times slower than its rotation frequency, and therefore does not contribute to averaging of the interaction.
Interpretations of scattering results for anisotropic interactions have been based for some time on semiclassical calculations. 27 However, this theory is inappropriate for the highly quantum systems studied herein. As an example of the differences between semiclassical and quanta! scattering, we note that the present DCS' s exhibit strong undulations well beyond the classical rainbow angle (at -4o for these systems); semiclassical oscillations should not appear on the dark {wide-angle) side of the rainbow 8 "• 28 unless the effect of complex trajectories is included. 29 In the present study, we predicate our analysis on a recent empirical, quantitative validation of the central-field assumption for highly quantum systems that are only weakly anisotropic. 10 In that study (Paper III of this series), it was found that the DCS' s for He+ N 2 , 0 2 , CO, and NO showed litHe evidence for quenching of the observed rapid quantum oscillations that is expected for anisotropic potentials both semiclassically27 and quantum mechanically, 30 and that has recently been observed for scattering in highly anisotropic systems (e.g., He+C0z).
11 This lack of quenching is equany evident for other H 2 , D 2 , and He collisions with weakly anisotropic molecules. 8 Moreover, the results of Paper III showed that the spherical averages of the anisotropic potentials extracted from an infiniteorder sudden approximation 30 a analysis of the DCS data presented there were indistinguishable, within experimental error, from the potentials obtained by accurate central-field analyses of those data. This is true despite a van der Waals attractive minimum distance that was found to be up to 20% greater for linear configurations than for perpendicular ones. From this it was concluded that a central-field analysis does indeed yield the spherically symmetric component of the interaction potential. This conclusion is valid for weakly anisotropic systems showing little evidence (according to the quantitative criteria given in Paper III) for quenching of the rapid oscillatory structure characteristic of central-field elastic scattering of highly quantum systems. This had previously been supposed for molecular scattering. a Unfortunately, a quantitative validation of this result for the present polyatomic systems would be difficult, because too many parameters would be needed to adequately model the corresponding potentials (e. g., two angular degrees of freedom, strong polar effects, etc.). Consequently, we may apply only the qualitative aspects of the conclusions enumerated above to the present study. We first discuss the results for the hydride partners, and treat the He+ SF 6 interaction somewhat separately later in this section. "'Experimental conditions given in Table I ; the number of experimental data points is given in parentheses. hoefined in Eqs. (3)- (5). CSymbols have the same meanings as in Eqs. (3)- (5) dlntegral cross sections at a relative collision energy of 63 meV (for He+ CH 4 , NH 3 , H 2 0) or 64 meV (for He+ SF 6 ) calculated from the partial wave expansion and the potentials given. 8 Scattering intensity normalized to 500 at 6 = 4. so (which differs from the arbitrary normalizations used in Figs. 1 and   2 ). The number of parameters varied is given in parentheses. fsee Eqs. 
A. He+CH 4 , NH 3 , and H 2 0 interactions
Potential parameters obtained from central-field analyses of the He+ CH 4 , NH 3 , and H 2 0 DCS' s are presented in Table II . As in previous work, it may immediately be seen that the five-parameter M 2 SV and SPFD potentials are better able to fit the DCS data for these three systems than is the MSV model, even when the use of one additional parameter in the former potentials is statistically accounted for 4 tsee aa 0 • 95 / a column of Table II ). Again as in previous work, the well position parameters are largely model independent t± 0. 06 A for rm and ± 0. 01 A for a); however, E values obtained by using the MSV potential model are consistently -20% greater than for the M 2 SV of SPFD potentials. Despite the different mathematical parameterizations of the latter two potentials, they both have the appropriate flexibility (see also Sec. III) to allow t: to be determined with an accuracy of about ± 10% 20 ; indeed the M 2 SV and SPFD values of t: for the He+ CH 4 , NH 3 , and H 2 0 syst~ms are different by only -2%. We also display in Table II the integral cross sections Q at a relative collision energy of 64 meV, calculated for these three systems using the partial wave expansion. Because of the consistently greater well depths of the MSV potentials, their Q are about 10% larger than those of the corresponding M 2 SV or SPFD potentials.
The quality of even the five-parameter fits to the He + CH 4 , NH 3 , and H 2 0 experimental DCS' s unfortunately is not quite as good as could be hoped for ("good" fits furnish aao.g 5 / a~ 2. 2% 20 ) . By comparing the calculated DCS's to the experimental ones, as in Fig. 1 that the central-field analysis yields the spherically symmetric component of the intermolecular potential, for the range of reduced distances probed in these experiments (0. 8 < p< 1. 7).
The He+ CH 4 interaction potential has previously been studied by (arbitrarily normalized) integral scattering cross section measurements Q, as a function of the collision velocity v. 18 An LJ12-6 analysis of these data yielded a value of E: rm as a measure for the "area" of the attractive well. As an indication of the consistency between those Q(v) measurements and the present DCS results, we display in Table III as determined from both these experiments (within the LJ12-6 parameterization). The agreement is seen to be quite satisfactory; we also present E: r m values for our more accurate five-parameter potentials. In addition,
we compare in Table III our fitted "effective" C8 dispersion coefficients (Sec. III) with those obtained theoretically. 25 • 26 The experimentally determined coefficients for He+ CH 4 , NH 3 , and H 2 0 are seen to be -70% greater than for the corresponding calculated ones. Although this discrepancy is rather large, it is not unexpected, and is caused primarily by our neglect of higher-order contributions to the dispersion interaction (Sec. III).
Finally, we compare in Table III rm and t: parameters obtained from LJ12-6 analyses of the present DCS re- •using the M 2 SV and SPFD potentials, and neglecting contributions of higher order than C 6 to the dispersion interaction. The error reflects the ± 20% or poorer accuracy with which the "attractive tail" por- sults, and those of another Laboratory. 19 All these experiments were performed at about the same relative collision energy {60±4 meV), and for about the same range of scattering angles (2° or 3o to -18°). Data reduction using the same potential form should allow a fairly direct comparison between these results, although we caution that the LJ12-6 parameterization is too rigid to yield accurate intermolecuLar potentials for the interactions being considered. We see that the He+ H 2 0 results agree well, but that the a {or rm) parameters for He+ NH 3 differ substantially. A similar discrepancy also exists for H 2 + NH 3 scattering, where again the Waterloo results 19 yielded a significantly smaller a (or rm) parameter than obtained in this Laboratory. Be We have conducted very extensive self-consistency checks of our measurements 4 comparable to those of the WaterLoo group. 19 We have also established the compatibility of our in-plane and out-of-plane measurements (the latter geometry is kinematically identical to the out-ofplane scattering geometry used by the Waterloo group). Nevertheless, the experimental (H 2 , He)+ NH 3 scattering data of the two laboratories still appear to be somewhat inconsistent. That the discrepancy appears only for scattering of NH 3 , but not for the He+ H 2 0 or He+ Ar systems, 4 • 12 indicates that the cause may lie in the secondary beam composition. We have already eliminated the possibility of NH 3 beam impurities, particularly with respect to dimerization, by highly sensitive mass spectrometric checks (Sec. II). To compare the quality of the fit to the data, we may renormalize (see footnote e of Table II) the scattering intensity of the present DCS results (fit to the LJ12-6 potential) to those obtained previously. 19 We find a goodness-of-fit statistic of :l = 17.9 [Eq. (1)], even with four data points more than the Waterloo experiment, which yielded a corresponding value of l = 38. 3. The difficulty in the fit to the latter experiment is evident for scattering angles beyond -10°, where the experimental DCS is systematically higher than the calculated one. 19 It is possible that the above differences are caused more by the rigidity of the LJ12-6 potential form than by inconsistencies between the data; more flexible potential forms are needed to attain appropriate descriptions of DCS scattering results 20 from the two laboratories (such as the M 2 SV and SPFD potentials used in this study).
In the above comparison between the present results and potentials obtained previously, we have ignored bulk property data. This is because the latter are usually sensitive only to interactions more repulsive than those sensitively probed by the present thermal scattering experiments. 4 Moreover, the effect of potential anisotropies on bulk properties has not yet been investigated to a sufficient extent. 30 ..
We now discuss systematic trends among the accurate ·five-parameter potentials extracted from the present He + CH 4 , NH 3 , and H 2 0 DCS data. The SPFD potentials for these systems are displayed in Fig. 3 ; the M 2 SV potentials are indistinguishable from the former within experimental error and are not plotted. Two features are clearly apparent from a comparison of these curves. Most evident is that the repulsive waLLs for the three systems are displaced to smaller intermolecular separations in the order CH 4 > NH 3 > H 2 0. This trend is correlated with the H · · · H nonbonded distance, and thus to the molecular size. We also notice that continuing in Slankas, Keil, and Kuppermann: Scattering of thermal He beams. IV (Table II) ; accurate He+ HF data are not yet available. 33 • 34 Thus, it appears that although H atoms are ineffective in promoting anisotropies in the interaction of He with CH 4 , NH 3 , and H 2 0, they do increase the apparent size of these molecules. It may be that the lonepair electrons of NH 3 and H 2 0 contribute to the apparent isotropicity of the interactions of these molecules with He, despite their rather asymmetric nuclear arrangements.
The second trend displayed by the potentials of Fig.  3 is evident in their long-range regions. We see that the strength of the attractive potential for r> 4 A falls in the sequence CH 4 ""NH 3 > H 2 0. This is also reflected by the calculated C 6 constants lsee Table III) . 25 The calculated long-range potential is dominated by induced dipole-induced dipole, rather than by dipole-induced dipole, dispersion forces. The former accounts for 90% of the He+ NH 3 C 6 coefficient and 80% of the He+ H 2 0 one. 32 The permanent dipole moments of NH 3 and H 2 0 thus do not substantially affect their long-range interactions with He, as is also reflected by the experimental potentials of Fig. 3 .
B. The He+SF 6 interaction
We discuss this system separately from the He +CH 4 , NH 3 , and H 2 0 ones primarily because of the much larger well depth for He +SF 6 , as is evident from the potential parameters presented in Table II . We note that this well depth is more than twice that for most other molecular interactions with He, 10 • 19 having the important consequence of reducing the collision energy from-30 to -13 €. For a system with a well depth of €"" 2 meV, the latter value corresponds to a collision energy of-25 meV.
Consequently, we expect the He +SF 6 DCS to be more sensitive to the long-range region of the intermolecular potential than are those of the other systems considered here. Computer simulation calculations 20 lwith which the He+ CH 4 , NH 3 , and H 2 0 systems were compared) lead us to expect our He+ SF 6 potential to have somewhat better than 20% accuracy for reduced distances p between about 1. 4 and 1. 6. Those simulations also indicate that our determination of the He+ SF 6 well depth should still be accurate to -10%. Furthermore, the He +SF 6 DCS should be rather insensitive to the repulsive wall, and so the M 2 SV and SPFD potential forms should effectively have about the same flexibility as does the MSV potential. This effect has been shown to occur for low collision energy l-9 t:) interactions in highly quantum systems. 20 Indeed, the MSV potential parameters displayed in Table II show no bias toward a larger well depth than is obtained from the M 2 SV and SPFD analyses, and no improvement in fitting quality is seen. The corresponding integral cross sections also show no bias lsee Sec. IV A). It may be more appropriate to introduce greater flexibility into the long-range region by using a dispersion term of higher order than C 6 • We also note that the He+ SF 6 potential predictably has a rather large range parameter r m. The He+ SF 6 potential extracted from the present DCS results is displayed in Fig. 4 .
Among the systems investigated here, the He+ SF 6 DCS gives the best potential fit (Table II) : there is again no evidence in that fit for quenching of the rapid quantum oscillatory structure lFig. 2). We conclude that the present He+SF 6 data are insensitive to anisotropic components of the potential, which probably only become evident for repulsive interactions. The large € observed for this system may be due to interactions with the F atoms. It would be interesting to conduct a scattering study of He+CF 4 to elucidate the nature of such The effect of the large r, aoo E: parameters on He +SF 8 scattering is apparent from the fact that the DCS of Fig. 2 is significantly different from those of Fig. 1 . The residual rainbow at -4 o is more evident than in the He+CH 4 , NH 3 , and HP DCS's while the amplitude of the rapid quantum oscillations is comparably diminished. We also see a closer spacing of these oscillations, expected from their reciprocal relationship to the reduced collision wavenumber, which in turn is directly proportional to rm.
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C. Combination rule predictions
Historically, the incentive for the extensive development of combination rules-only some of which are based soundly upon theoretical or experimental considerations32-35-may in part be attributed to difficulties in the bulk sample measurements of unlike-pair properties. The validity of such rules is predicated upon the existence of a single reduced form or "universal function" for the interaction pairs being considered. The existence of such a universal function is related to the "law of corresponding states" for the equation of state of real gases. 32 Together with values for the distance and energy scaling parameters (<Tor rm and E:, respectively) appropriate for each of these interactions, the corresponding potential energy functions would then be predictable. However, the concept of such universal functions has been shown to be inappropriate for potentials determined accurately by other means3d• 20 ; the validity of various combination rules for predicting potential parameters Combination rules for describing interactions in molecular systems ignore anisotropic contributions to the interaction potential and consider only their spherically symmetric components. As discussed earlier, this approximation is valid for the present atom-molecule systems for the range of intermolecular distances sampled by our experiments, but the validity of the central-field assumption for the constituent like-pair molecule-molecule interactions is uncertain. Moreover, experimental determinations of homomolecular interaction potentials have yielded widely different values for the potential parameters. 37
As a quantitative iooication of the difficulties encountered in using combination rules to accurately predict potential parameters for unlike-pair interactions, we compare in Table IV the present experimental determinations of <T and E: to the results of several commonly used simple combination rules. The like-pair potential parameters are based on a variety of potential energy functional forms. It may easily be seen that the predictions for <T are consistently too low, even when [for (NH 3 ) 2 and (H 2 0) 2 ] the wide range of like-pair experimental results are considered. Similarly, the predictions for E: are consistently too high (except for He+ SF 8 ). The failure of the combination rules is in all cases beyond the experimental error of ± 1% in our determination of u, and± 10% in E:. 20 The use of combination rules should therefore be restricted to those interactions for which accurate potentials are unavailable, and must not be considered reliable. sa
V. SUMMARY AND CONCLUSIONS
Vander Waals potentials for the interactions of He atoms with molecules of CH 4 , NHa. H 2 0, and SF 8 have been extracted from differential cross sections (DCS), as measured by the crossed-beams technique. For sys-terns showing only weak anisotropies, a suitable centralfield analysis yields the spherically symmetric component of the interaction potential. 10 The present DCS' s show no evidence of quenching, which has been predicted, 30 and observed, 11 for molecular scattering in highly anisotropic quantum systems. Hence we conclude that the central-field potentials extracted from the data are good representations for the spherically symmetric components of the He+ CH 4 , NH 3 , H 2 0, and SF 6 interactions, and that anisotropic components are small for the attractive, and even weakly repulsive, regions of their potentials.
We find a simple correlation between molecular size and the van der Waals radii of the He+ CH 4 , NH 3 , and H 2 0 interactions, which fall in the sequence CH 4 > NH 3 > H 2 0. This sequence may be extended to the isoelectronic He + Ne interaction, 31 whose size is even less than that of He+ H 2 0. We find no substantial effect of the large dipole moments of NH 3 and H 2 0 upon the long-range attractive potential. The He+ SF 6 potential is found to violate the usual supposition 31 that only the least polarizable of the interacting atoms tor molecules) are correlated with the van der Waals well depth.
Simple combination rules for predicting values of the well depth € and interaction distance a [ vta) = 0] of unlike pairs from the corresponding like-pair potential parameters are tested and found inadequate.
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